Extracellular nucleotides can regulate the production/drainage of the aqueous humor via activation of P2 receptors, thus affecting the intraocular pressure (IOP). We evaluated 5-OMe-UDP(α-B), 1A, a potent P2Y6-receptor agonist, for reducing IOP and treating glaucoma. Cell viability in the presence of 1A was measured using [3-(4, 5-dimethyl-thiazol-2-yl) 2, 5-diphenyltetrazolium bromide] (MTT) assay in rabbit NPE ciliary non-pigmented and corneal epithelial cells, human retinoblastoma, and liver Huh7 cells. The effect of 1A on IOP was determined in acute glaucomatous rabbit hyaluronate model and phenolinduced chronic glaucomatous rabbit model. The origin of activity of 1A was investigated by generation of a homology model of hP2Y6-R and docking studies. 1A did not exert cytotoxic effects up to 100 mM vs. trusopt and timolol in MTT assay in ocular and liver cells. In normotensive rabbits, 100 μM 1A vs. xalatan, trusopt, and pilocarpine reduced IOP by 45 vs. 20-30%, respectively. In the phenol animal model, 1A (100 μM) showed reduction of IOP by 40 and 20%, following early and late administration, respectively. Docking results suggest that the high activity and selectivity of 1A is due to intramolecular interaction between Pα-BH 3 and C5-OMe which positions 1A in a most favorable site inside the receptor. P2Y6-receptor agonist 1A effectively and safely reduces IOP in normotense, acute, and chronic glaucomatous rabbits, and hence may be suggested as a novel approach for the treatment of glaucoma.
Introduction
Extracellular nucleotides and dinucleotides have been shown to play a role in ocular physiology and pathophysiology. Nucleotides and dinucleotides activate P2Y-and P2X-receptors (P2YRs/P2XRs) expressed in all ocular tissues. Neuronal P2XRs in the inner and outer retina contribute to visual processing, as well as cell death in retinal ganglia [1] . Thus, in chronic glaucoma, P2X7R activated by ATP increases cell death in the retina, whereas the P2X1R mediates ATP release in trabecular meshwork and ciliary epithelial cells. Yet, the presence of P2XRs heterotrimers complicates the pharmacology of P2XRs and their application as drug targets.
P2Y-Rs have multiple actions in the eye: they control tear production, corneal wound healing, aqueous humor dynamics, and retinal physiology [1] . Therefore, nucleotides have been suggested as therapeutic agents for dry eye disease, retinal detachment, and glaucoma [2] .
Ocular hypertension, the most common cause of glaucoma, is a target for agents that reduce intraocular pressure (IOP) [3] . Trabecular meshwork cells (TMC) form a tissue in the eye that is responsible for draining the aqueous humor, thus reducing IOP. This tissue expresses receptors for extracellular nucleotides, including P2Y1, P2Y2, P2Y4, and P2Y6 receptors [4] . Indeed, IOP is reduced by administration of ATP, adenosine tetraphosphate (Ap4) [5] , and diadenosine tetraphosphate (Ap4A) [6] . Likewise, the synthetic P2Y1-R selective agonist, 2-MeS-ADP, increases aqueous humor outflow in bovines [7] . However, the therapeutic potential of endogenous nucleotides for the treatment of glaucoma is limited, since they are degraded by extracellular enzymes, hence reducing their potency, efficacy, and duration of action [8] .
Recently, P2Y6-R was shown to be a key target for the treatment of glaucoma [9] . Activation of P2Y6-R changes aqueous humor dynamics, thereby reducing IOP levels. Moreover, the P2Y6-R was shown to be critical for lowering IOP and that ablation of the P2Y6-R gene in mice results in hypertensive glaucoma-like optic neuropathy. Topical application of UDP, the endogenous agonist of P2Y6-R, decreased IOP [9, 10] .
Although P2Y6-R plays an important role in reduction of intraocular pressure, this receptor lacked stable, potent, and selective agonists to be used as potential drugs for the treatment of glaucoma. For this purpose, we previously developed 5-OMe-UDP(α-B), Rp isomer, 1A (Fig. 1) , the structure of which is based on the P2Y6-R endogenous ligand, UDP, 2 [11] . Analogue 1A was shown to be the most potent and P2Y6-R selective agonist currently known (EC 5 0 0.008 μM). It was 19-fold more potent than UDP, and showed no activity at other uridine nucleotide receptors, i.e., P2Y2-and P2Y4-R. Notably, analogue 1A exhibited chemical and metabolic stability. It was highly chemically stable even under conditions mimicking gastric juice acidity, resisted hydrolysis by nucleotide pyrophosphatases (NPP1,3) up to three-fold more than UDP, and was significantly metabolically stable in human blood serum (t1/2 17 vs. 2.5, 12, and 17 h of UDP; 5-OMe-UDP; and UDP(α-B), respectively).
Although P2Y receptors are involved in the regulation of IOP, they have not been targeted so far for therapeutics of glaucoma. Currently used drugs for the treatment of glaucoma target other receptors and enzymes such as prostaglandin receptor, β2-adrenergic receptor, α-receptor, and carbonic anhydrase.
The limitations of current drugs for the treatment of glaucoma, on the one hand, and the involvement of P2Y6-R in aqueous humor drainage, on the other hand, encouraged us to explore the application of this new mechanism for the reduction of IOP.
Here, we describe the ability of 1A to reduce IOP and potentially treat glaucoma. Specifically, we evaluated the efficacy of 1A for IOP reduction in normotensive rabbits. Next, this drug candidate was evaluated at several acute and chronic animal models of glaucoma, including sodium hyaluronateand phenol-induced models. In addition, we conducted cytotoxicity studies. The efficacy and cytotoxicity effects of 1A were compared to several current drugs for the treatment of glaucoma. To explore the origin of the activity of 1A, we constructed hP2Y6-R homology model, and analyzed the molecular recognition pattern of 1A vs. other hP2Y6-R agonists. In particular, we rationalized the origin of high activity of 1A and diastereoselectivity of hP2Y6 by docking studies [12, 13] .
Methods

General
Rabbit NPE ciliary non-pigmented epithelial cells, rabbit corneal epithelial cells (SIRC), and human retinoblastoma cell line (Y-79; kindly provided by Prof. Perelman, Technion, Haifa, Israel) were depicted as three ocular cell lines for the in vitro studies. NPE cells were cultured in DMEM high glucose (4.5 g/L) medium supplemented with 50 mg/L Gentamicin (Sigma-Aldrich), 2 mM L-glutamine, 1 mM sodium pyruvate, 1500 mg/L sodium bicarbonate, and 10% (v/v) heat-inactivated FBS (reagents from Biological Industries Israel Beit-Haemek Ltd.). SIRC cells were cultured in Eagle's minimum essential medium (EMEM) supplemented with 15 nonessential amino acids (NEAA), 2 mM L-glutamine, 1 mM sodium pyruvate, 1500 mg/L sodium bicarbonate, and 10% (v/v) heat-inactivated FBS (reagents from Biological Industries Israel Beit-Haemek Ltd.). Y-79 cells were cultured in DMEM high glucose (4.5 g/L) medium supplemented with 1% (v/v) penicillin-streptomycin, 2 mM Lglutamine and 10% (v/v) heat-inactivated FBS (reagents from Biological Industries Israel Beit-Haemek Ltd.).
Human hepatocellular carcinoma Huh7 cells were cultured in DMEM high glucose (4.5 g/L) medium supplemented with 1% (v/v) penicillin-streptomycin, 2 mM L-glutamine, and 10% (v/v) heat-inactivated FBS (reagents from Biological Industries Israel Beit-Haemek Ltd.).
Cytotoxicity and cell viability analyses
For cytotoxicity and cell viability studies, cells were incubated with its respective media, containing 2% FBS. All cells were maintained in 5% CO 2 -humidified incubator at 37°C.
Three ocular cell lines, Y-79, NPE, and SIRC as well as liver Huh7 cells, were harvested and cultured in 96-well plates at a density of~1 × 10 4 cells per well, and maintained in a humidified incubator at 37°C for 24 h. Then, increased concentrations (0.1-100 mM) of the compounds: 1A, trusopt (carbonic anhydrase inhibitor), and timolol (beta blocker) were added for additional 24 h. Cell viability was measured by quantitative colorimetric assay with MTT [3-(4, 5-dimethylthiazol-2-yl) 2,5-diphenyl-tetrazolium bromide] (SigmaAldrich), as described previously (Bar-Am et al. 2005). Briefly, 10 μL of the MTT labeling reagent (5 mg/mL in PBS) was added to each well and the plate incubated at 37°C with 5% CO 2 and 95% air (v/v) for an additional 2 h. Next, the insoluble formazan was dissolved for 24 h with 100 μL of 10% (v/v) SDS in 0.01 M HCl; colorimetric determination of MTT reduction was measured with a Tecan Sunrise Eliza-Reader (Switzerland) at λ = 570/650 nm after automatic subtraction of background readings. Morphology of NPE and SIRC cells treated with 1A and timolol (10 and 50 mM) were examined in inverted microscope connected to a digital camera (× 10 objective) 24 h after exposure to the drugs.
Animal studies
All procedures were carried out in accordance with the National Institutes of Health Guide for care and Use of Laboratory Animals, and were approved by the Animal Ethics Committee of the Technion, Haifa, Israel. New Zealand white (NZW) rabbits obtained from Harlan (Jerusalem, Israel), weighing 3.0-3.5 kg, were housed at an ambient temperature of 22°C with a 12 h light/dark cycle and humidity-controlled environment. Food and water were available ad libitum.
IOP measurements
IOP levels were measured by using a TONOVET rebound tonometer supplied by Tiolat Oy (Helsinki, Finland). In all experiments, animals were trained for the IOP measurement procedure during acclimation period in order to reduce stress and obtaining more accurate measurements during the study. IOP measurements were performed 5-10 consecutive times and always obtained in the right eye first. In order to avoid the effect of the circadian rhythm, the IOP was always tested at the same time of day in the morning. The average predosing IOP of the experimental and control eyes was 12.3 mmHg.
Normotensive rabbit studies
The effect of 1A on IOP was tested over a range of doses (10 −9 -10 −3 M) in normotensive rabbits (4-6 animals in each group). 1A was administered bilaterally in drops to the cornea of rabbits, at a single dose of a fixed volume of 10 μL. IOP was measured up to 3 h after treatment; two IOP measurements were taken before compound was administered. For time-dependent effect on IOP of a single dose of 100 μM, 1A was employed in normotensive rabbits. The drug was administered to the cornea at volume of 10 μL. Two IOP measurements were taken before the drug was instilled. IOP was followed up to 6 h to study the time course of the effect.
For comparative analysis of the effect on IOP, different hypotensive compounds were administered unilaterally to the cornea of rabbits at a fixed volume of 10 μL: 1A (100 μM), UDP (100 μM), xalatan (0.005%), trusopt (2%), and pilocarpine (2%). The contralateral eye received the same volume of saline solution (0.9% NaCl, vehicle). Two IOP measurements were taken before any compound was administered. Experiments were performed following a blinded design where no visible indication was given to the experimenter as to the nature of the applied solution. IOP was followed up to 2 h after treatment.
Acute glaucomatous models in rabbits
Rabbits were subjected to anesthesia by using a mixture of Ketamine (35 mg/kg) and Xylazine (5 mg/kg) intramuscularly administered. In addition, 1-2 drops of local anesthetic (Localin®) were instilled to the eyes, prior to the experiment initiation.
Sodium hyaluronate-induced acute ocular hypertensive model
Eight rabbits were subjected to unilateral injection of 2.3% sodium hyaluronate into the anterior chamber of the eye [14] . Eight rabbits were divided to two groups and administered either with saline (vehicle) or with 1A (100 μM) at a dose volume of 30 μL/eye, starting at 2 h post 2.3% sodium hyaluronate injection. IOP levels were measured up to 24 h after administration.
Phenol-induced chronic model of glaucoma in rabbits
Early-phenol administration Thirty rabbits were subjected to one subconjunctival injection of 0.4 mL of 5% phenol in almond oil into the right eye [15] . Two rabbits were not treated and used as baseline measurements for IOP fluctuation. Animals were subjected to two times daily repeated ocular instillations of 1A 100 μM, timolol (0.5%) , or saline vehicle; control) at a dose volume of 10 μL/eye), [15] performed during the entire observation period for 11 days, starting on day 1 of the experiment. Baseline IOP levels were measured in both eyes prior to the beginning of the experiment, and thereafter, IOP levels were measured twice a day.
Late-phenol administration
Thirty rabbits were subjected to one subconjunctival injection of 0.4 mL of 5% phenol in almond oil into the right eye. Two rabbits were not treated and used as baseline measurements for IOP fluctuation. Animals were subjected to two times daily repeated ocular instillations of 1A (100 μM) timolol (0.5%) or saline (vehicle; control) at a dose volume of 10 μL/eye, starting at day 7 when the ΔIOP level was 40% above the basal levels (days 7-11). Baseline IOP levels were taken in both eyes on day 1before phenol injection. IOP levels were measured twice a day throughout the entire observation period for 11 days.
Statistical analysis
All data are presented as the mean ± SEM of 3-4 independent experiments in vitro and animal studies. Significant differences were determined by two-way ANOVA test with Bonferroni/Dunnett's post-tests using GraphPad Prism 5 software. Probability values of P < 0.05 or less were considered statistically significant.
Homology modeling of hP2Y6R
Selection of templates
The hP2Y6-R model was computed based on several crystal structures of GPCRs used as templates. First, we used two crystal structures of the human P2Y1R (pdb codes: 4XNV and 4XNW) [16, 17] and their combination (P2Y1-all). Second, we used two sets of crystal structures of the human P2Y12R (pdb codes: 4XNV and 4XNW [18] and their combination (P2Y12-all). Finally, we combined the P2Y1R and P2Y12R (All (P2Y1 + P2Y12)) and used these structures as template.
The search and alignments were done with the Discovery Studio (DS) 2016 software (Biovia, Inc.) [19] .
Initial preparation of the homology model
Before the creation of the homology model, the GPCR templates which included T4L insertions (β2, A2A, CXCR4) were treated by removal of the insertion and addition of the missing amino acid residues and then refinement of the loop region(s). The homology model was created with Modeler program [20] (in Discovery Studio 4.0) based on the several GPCR templates. The modeled structure can be further evaluated using the Verify Protein (Profile-3D) protocol, which assesses the compatibility of the 3D structure of a protein model with the sequence of residues it contains.
The scores for pairing a residue i with an environment j is given by the information value [21] ,
Here, P(i:j) is the probability of finding residue i in environment j and Pi is the overall probability of finding residue i in any environment. These probabilities were determined from a database of 16 known protein structures and sets of homologous sequences aligned to the sequence of known structure as described by Bowie et al. [21] . For each position in the aligned set of sequences, we determined the environment category of the position from the known structure and counted the number of each residue type found at the position within the set of aligned sequences. At the end, we plot the difference between the verify score and expected verify high score. The closer the verify score is to the expected verify score, the better the quality of the model receptor.
The definition of the binding site was done using the Bdefine and edit binding site^tool in DS 4.0. Prior to docking the ligands into the receptor, we generated a library of various ligand conformations (maximum 100) using the FAST or BEST conformation generation method with a maximum energy threshold of 20 kcal/mol. All the conformations were subjected to docking using a high throughput protocol designed within Pipeline Pilot (Pipeline Pilot 2014) [22] . The grid-based molecular docking program CDOCKER [23, 24] with the CHARMm force field [25] was employed to dock all the generated conformations into the P2Y1-R. We also finetuned the force constant for OS-PO3-B251 angle, which was set to 200 kcal/mol/Å 2 for present study. Detailed discussion can be found in the SI. The docked pose with the highest negative interaction energy (i.e., lowest energy) was considered for further analysis. The solvation energy of the ligands was calculated using the Delphi [26] program. The solvation energy of each ligand is computed by averaging the solvation energy of the 100 lowest energy conformations obtained from the conformational search mentioned above.
To facilitate comparison with experiment, we predicted EC50 values of analogues 1A and 2-8 ( Fig. 1 ) using multiregression analysis of the solvation energy, the CDOCKER interaction energy, and of both the solvation energy and the CDOCKER interaction energy. To relax the pose of 5-OMe-UDP, 3, in the initial model, we performed short molecular dynamics simulations. A low energy conformation was chosen from the dynamics production phase and was further refined by rotating Arg266, Arg103, and Tyr283; reminimization; and short molecular dynamics simulations and re-docking of agonists 1A and 2-8.
Docking selected nucleotides in hP2Y6R model
Since the CHARMm force field does not include parameters for the borano-bearing compounds, the initial docking of these ligands were done using the BCDOCKER with QM chargesp rotocol which calculated the atomic charges for the docked structure using DMol3 (charge method ESP with quality set to medium). The partial charges assigned were used for all further simulations and energy calculations.
Results
Cytotoxic effects of 1A compared with anti-glaucomatous drugs in ocular and liver hepatoma cell cultures
The cytotoxic effects of 1A (0.1-100 mM) were examined compared to two commercial anti-glaucomatous medications, trusopt (carbonic anhydrase inhibitor) and timolol (beta blocker) in three ocular cell lines: human Y-79 retinoblastoma cells, rabbit NPE non-pigmented ciliary, and SIRC corneal epithelial cells (Fig. 2, Table 1 ). Compound 1A significantly exerted less toxic effects than timolol and trusopt in all three ocular cell cultures (Fig. 2,  Table 1 ). As shown in Fig. 2a , at 0.1-10 mM, both 1A and trusopt were not toxic in Y79 retinoblastoma cells, unlike timolol. At high concentrations (50 and 100 mM), 1A was significantly less toxic vs. trusopt in Y79 retinoblastoma cells (at 50 mM: 81.3 ± 1.6 vs. 65.1 ± 1.7% of control, respectively; and at 100 mM: 70.4 ± 0.8 vs. 41.4 ± 1.7% of control, respectively). In NPE cells, both 1A and trusopt were not toxic at 100 mM (Fig. 2a) .
In Y-79 retinoblastoma and SIRC cells, a significant reduction in cell viability was observed with 50 mM timolol (4.3 ± 0.3 and 48.12 ± 0.9% of control, respectively) and 100 mM timolol (2.3 ± 0.4 and 1.3 ± 0.2% of control, respectively), while 1A at both concentrations (50 and 100 mM) was significantly less toxic (70-85% of control) (Fig. 2a, b) . Similar nontoxic effects of 1A were observed in NPE cells (Fig. 2a, b) .
In addition, in liver hepatoma Huh7 cells, 1A (50 and 100 mM) was three-and eightfold less toxic than trusopt and timolol, respectively ( Fig. 3 and Table 1 ).
Compound 1A potently and efficaciously reduced IOP in normotensive NZW rabbits
The effect of compound 1A on IOP in normotensive rabbits was evaluated at 10 -9 to 10 -3 M concentration range. Compound 1A at 10-100 μM significantly reduced IOP (~45%) 2 h after administration (Fig. 4a, concentration-dependent effect) . We have further examined the time-dependent effect of 1A to modify IOP in normotensive rabbits. A single dose of 100 μM of 1A was able to significantly reduce IOP (44 ± 4%) at 2 h after the instillation of the compound and the effect lasted 4 h (Fig.  4b , time-dependent effect). vehicle (control); (number sign) vs. 1A; one sign P < 0.05, two signs P < 0.01, three signs P < 0.001. b Effect of 1A and timolol on morphology changes in rabbit (a) NPE and (b) SIRC cells. Cells were cultured in DMEM and EMEM, respectively, for 24 h. Vehicle (control), 10, and 50 mM of 1A or timolol, were added for additional 24 h. Images were acquired using an inverted microscope, connected to a digital camera (× 10 objective)
Comparing the maximal hypotensive effect of 1A (100 μM) with UDP (100 μM), the endogenous P2Y6 receptor agonist, we observed that 1A is able to produce a more robust effect on IOP than the naturally occurring compound, UDP, 45% IOP reduction vs. 15%, respectively (Fig. 4c) .
In addition, the efficacy of 1A to reduce IOP was also compared to the effect of current drugs in normotensive rabbits. Figure 4d demonstrated that 1A markedly reduced IOP by 45% (of control), as compared with xalatan (prostaglandin analogue), trusopt (carbonic anhydrase inhibitor), or pilocarpine (cholinergic agonist), exhibiting IOP reduction by 20, 17, and 30%, respectively. This highly effective hypotensive capability of 1A makes it a potential alternative to currently available treatments.
Compound 1A reduced IOP in acute glaucomatous rabbit models Effect of 1A treatment on IOP in acute ocular hypertensive rabbit model induced by sodium hyaluronate
We have further assessed the efficacy of 1A to reduce IOP in an established acute ocular experimental glaucoma model induced by an intraocular injection of 2.3% sodium hyaluronate in NZW rabbits [14] . IOP measurements revealed a marked level of hypertension, 2 h post 2.3% hyaluronate injection, compared to the baseline measurements and the respective contralateral untreated eyes (Fig. 5) . At this time point of 2 h, 1A (100 μM) was locally administered to rabbit eyes treated by hyaluronate, and the IOP levels were examined up to 24 h. 1A reduced IOP levels by 40% in sodium hyaluronate-treated rabbits vs. vehicle-treated animals at 4 h from beginning of the study ( Fig. 5; 4 h 293 ± 52 vs. 495 ± 42%, respectively; *P < 0.01).
Effect of 1A early-and late-treatment in chronic ocular hypertensive model induced by 5% phenol in NWZ rabbits
In order to investigate the effect of 1A in chronic hypertensive condition, we have used rabbits treated with subconjunctival injections of 5% phenol. Under the condition of 5% phenol, rabbits treated with saline exerted significantly high levels of IOP from day 3 of the beginning of the experiment (day 10, 149 ± 18.6%; P < 0.01), compared to the basal levels in control eyes (Fig. 6a) . Other phenol-treated rabbits were topically treated with hypotensive compounds, 1A (100 μM) and timolol (5%) 1 day after phenol administration. Both drugs have significantly attenuated IOP elevation and markedly reduced IOP bỹ 40% from day 2 until end of the experiment (day 9, 105 ± 7.6 and 102 ± 2.7%, respectively; P < 0.01), compared with vehicletreated eyes-induced by phenol (147 ± 23.3%) (Fig. 6a) .
In addition, we have investigated the effect of posttreatment of 1A (100 μM) and timolol (5%) in phenolinduced rabbits. At day 7 of the experiment when IOP levels increased by 40% above the basal levels of control eyes (143.9 ± 5.6%), rabbits were randomly assigned to the treatment of 1A and timolol (Fig. 6b) . Both drugs have significantly attenuated IOP elevation and markedly reduced IOP bỹ 20% from day 8 until end of the experiment (day 11, 120.5 ± 5.0 and 126.3 ± 9.9%, respectively; P < 0.01), compared with vehicle-treated eyes-induced by phenol (139.6 ± 5.6%) (Fig. 6b) .
Elucidation of the origin of the high potency of 5-OMe-UDP(α-B), 1A
The remarkably high potency and selectivity of 1A at hP2Y6-R (EC 50 8 nM), [11] resulted in a highly significant reduction of IOP by 1A of both glaucomatous and normotensive animals. This high potency of 1A, related to P2Y6-R activation, prompted us to explore the origin of activity of 1A at the molecular level. Specifically, we attempted to elucidate the binding-mode of 1A at hP2Y6-R as compared to a series of related UDP analogues, 2-8 ( Fig. 1) .
Construction of hP2Y6-R homology model
Current approaches used for studying the structure and function of P2Y-Rs include mutational analysis of amino acid residues [27] [28] [29] [30] and molecular modeling of these receptors and their ligand complexes [31] [32] [33] [34] [35] . Progress has been made in the field of GPCR crystallography, and to date, medium-to highresolution crystal structures have been solved [16, 17] . In the current work, we constructed a 3-D model of the hP2Y6-R using homology modeling [36, 37] , and the crystal structures of hP2Y1-R and hP2Y12-R as templates (see Supporting Information for details).
Analysis of the hP2Y6-R binding-site and the recognition mode of P2Y6-R agonists
We performed docking studies using the protocol described in the BMethods^section and in the Supporting Information. Our Effect of 1A pre-and posttreatment on chronic ocular hypertensive glaucomatous model induced by 5% phenol in NZW rabbits. Rabbits were subjected to one subconjunctival injection of 5% phenol in the right eye. a Animals were topically administered with 1A (100 μM), 0.5% timolol or vehicle (control), performed throughout the entire observation period, starting on day 1 pre-phenol administration period. b Animals were topically administered with 1A (100 μM), 0.5% timolol, or vehicle (control), performed throughout the entire observation period, starting on day 7 post-phenol administration period. Values represent the mean ± S.E.M (n = 6-7) and expressed as percentage of respective control. *P < 0.05 vs. vehicletreated right eyes; **P < 0.01 vs. vehicle-treated right eyes twoway ANOVA test with Bonferroni post-tests docking results suggest that the experimental EC 50 values of hP2Y6-R agonists 1A and 2-8 correlate well with a combination of desolvation and docking energies of these agonists, but not with either energetic or desolvation term alone (Fig. 7) . This is in agreement with our earlier docking studies of P2Y1-R [38] . Based on the hP2Y6-R model and docking results, we propose that the phosphate chain of the endogenous hP2Y6-R agonist, UDP, 2, is tightly held by the three cationic residues (Arg103, Arg284, and Lys25) and a tyrosine residue (Tyr262) (Fig. 8) . The 2′-hydroxyl group of the Southern ribose conformer of UDP is H-bonded to Tyr107 and 3′-hydroxyl group is H-bonded to Lys284, and the uracil base interacts with Arg103 and the backbone of Cys177 via two-oxygen atom. Based on docking the more active P2Y6-R agonist 5-OMe-UDP, 3, we suggest that there are additional interactions of the base 5-OMe-substituent with hydrophobic binding site residues (Met190, Met194, and Phe104). Specifically, Met194, which faces the C5-methoxy group, may be involved in hydrophobic interactions with the methyl group of the C5-methoxy substitution. Investigation of the molecular recognition of the Pα-borano group bearing 5-OMe-UDP-α-B analogues, 1A and 1B, by hP2Y6-R revealed that the active isomer, 1A (Rp isomer), [11] forms hydrophobic intra-molecular interaction between Pα-BH3 and the methyl group of the C5 substitution. This intramolecular interaction positions 1A in a most favorable mode inside the binding pocket. In this position, the nucleotide phosphate chain is involved in additional H-bonding interactions with the polar side chain Thr175, which do not occur with 5-OMe-UDP. We speculate that these favorable interactions are not possible for the inactive Sp isomer. Interestingly for the Sp isomer, our docking results suggest no H-bonding interactions with Thr175 and weakening of H-bonding with the Val176 backbone (see Supporting Information for details). The current model is not sufficiently accurate to categorically discriminate between the isomers, and future mutational studies of binding site residues or a crystal structure will be necessary to refine the current hP2Y6-R model.
Discussion
It is well accepted that an increase in IOP is a major factor for the development of glaucoma, a pathology that leads to a progressive optic neuropathy which may result in the loss of vision [39] . Most drugs for the treatment of glaucoma either decrease the production aqueous humor or improve its outflow, thus lower IOP and reduce the damage of the optic nerve [40] .
Currently used drugs for the treatment of glaucoma include the following agents, and their combinations, for reduction of IOP. Prostaglandin analogs (e.g., xalatan) are first line drugs. They lower IOPs in glaucoma patients, providing potent IOP control throughout the day, by increasing the outflow of fluid from the eye. The most common adverse effects associated with prostaglandin analogs are conjunctival hyperemia and eyelash growth [41] .
Topical β-blockers, such as timolol, are widely used IOPreducing agents [42] . These agents decrease the production of aqueous humor by blocking the β-adrenergic receptors in the ciliary body [43, 44] . Although applied locally, topical β-blockers are partially absorbed into the systemic circulation via the conjunctiva or the nasolacrimal system [45] . Contrary to their beneficial ocular effect, β-blockers may induce severe systemic adverse effects by blocking the β1-adrenoceptors of the heart, and by blocking the bronchial smooth muscle's β2-adrenergic receptors [46] . For instance, timolol may cause pulmonary side effects, such as bronchospasm and asthma exacerbation [47, 48] by blocking the bronchial smooth muscle's β2-adrenergic receptors [49] . Indeed, glaucomatous patients with obstructive pulmonary disease which were treated with topical β-blockers, mostly non-cardioselective (timolol), were more prone to be hospitalized or visit the emergency room while on the medication. [42] Furthermore, timolol may cause bradycardia, arrhythmia, congestive heart failure, and syncope [50] [51] [52] [53] . Hence, timolol should not be used also in patients with myasthenia gravis [54, 55] or those with diabetic mellitus with hypoglycemic attacks [56] .
Carbonic anhydrase inhibitors (e.g., trusopt) are also used for reduction of IOP by decreasing the production of intraocular fluid, while α-receptor agonists (e.g., brimonidine) both decrease production of aqueous humor and increase its drainage. Combination therapy is suggested for patients who need more than one type of drug.
Currently used drugs for the treatment of glaucoma target prostaglandin receptors, β2-adrenergic receptor, α-receptor, and carbonic anhydrase. Although, synthetic agonists of various P2Y receptors have promise as agents for the treatment of ocular diseases, including glaucoma [1] , currently no drug on the market targets P2Y receptors for the regulation of IOP.
The limitations of current drugs for the treatment of glaucoma, on the one hand, and the involvement of P2Y-Rs in aqueous humor drainage, on the other hand, encouraged us to explore the application of this new mechanism for the reduction of IOP. Specifically, our finding of a most potent, stable, and selective P2Y6R agonist, 5-OMe-UDP(α-B), Rp isomer, 1A [11] , prompted us to explore the potential of activation of P2Y6R, present in the trabecular meshwork, for the enhancement of aqueous humor drainage, and consequently IOP reduction.
The trabecular meshwork, a tissue in the eye that is responsible for draining the aqueous humor, expresses P2Y-Rs which are activated by extracellular nucleotides. Specifically, P2Y1, P2Y2, P2Y4, and P2Y6 receptors play a role in IOP regulation [1, 4, 7] . P2Y6 receptor was shown to be expressed in the retina [57, 58] . Decrease in the expression levels of P2Y6-R in glaucoma was suggested using in-vitro ocular hypertension model (i.e., glaucoma model) [59] . Hence, we assumed that activation of P2Y6R by compound 1A may have a beneficial effect on reducing IOP in glaucoma. Indeed, previous reports indicated that UDP, P2Y6R endogenous agonist, reduced rabbit's IOP by 17%. Likewise, P2YR agonists, including P2Y6R agonists, lower IOP [10, 60] .
Specifically, we found here that compound 1A significantly reduced IOP in normotensive rabbits. A single dose of 100 μM of 1A was able to significantly reduce IOP (44%) at 2 h after the instillation of the compound and the effect lasted 4 h. Importantly, 1A markedly reduced IOP as compared to the endogenous P2Y6-R agonist, UDP, and currently used drugs-xalatan, trusopt, and pilocarpine (by 44% vs. 15, 20, 17, and 30%, respectively).
Encouraged by these promising results, we explored the effect of 1A on IOP reduction in animal glaucoma models as compared to timolol. In the sodium hyaluronate acute ocular hypertensive rabbit model and phenol-induced rabbits (pretreatment), 1A reduced IOP by~40%, proving to be equiefficacious to timolol. Further work is necessary to determine the retinal ganglion cell (RGC) integrity at the completion of the study by histological studies.
Next, to get a preliminary indication of the safety of 1A, as compared to that of timolol, we evaluated their effects in several ocular cell lines. Notably, 1Awas significantly less toxic in ocular Y-79 retinoblastoma and SIRC cells than timolol. Similar nontoxic effects of 1A were observed in NPE cells. Importantly, 1A was significantly less toxic than trusopt and timolol, also in liver hepatoma Huh7 cells. Although the P2Y6-receptor has a widespread distribution including heart, blood vessels, and brain [61] , pre-clinical safety assessments demonstrated that instillation of 1A at 500 mM into rabbit eyes did not exert any eye irritation or noticeable clinical signs or toxic/mutagenic effects (GlaucoPharm company annual report, 2016; data not shown).
To decipher the origin of the beneficial activity of 1A at the molecular level, we constructed a homology model of hP2Y6-R using recently published high-resolution crystal structures of P2Y1/12-Rs as templates. Docking studies allowed analysis of the molecular recognition of 5-OMe-UDP-α-B isomers, 1A and 1B, by hP2Y6-R. We revealed that the active isomer, 1A (Rp isomer), forms hydrophobic intra-molecular interaction between Pα-BH 3 the nucleotide phosphate chain is involved in additional Hbonding interactions with polar side chain Thr175, which do not occur with P2Y6-R agonist, 5-OMe-UDP. We concluded that 1A is a safe drug candidate which markedly reduced IOP as compared to the endogenous P2Y6-R agonist, UDP. Compound 1A was equi-efficacious to timolol in animal glaucoma models (hyaloronate and phenol-induced glaucoma). Yet, the severe limitations of timolol, which prevent its use for treatment of glaucomatous patients with obstructive pulmonary disease, diabetes, and heart disease, imply that a selective P2Y6-R agonist may be a promising therapeutic alternative to timolol.
